Results of a self-consistent ultrafast study of nonlinear optical properties of silicon nanowaveguides using heterodyne pump-probe technique are reported. The two-photon absorption coefficient and freecarrier absorption effective cross-section were determined to be 0.68cm/GW, and 1.9x10 −17 cm 2 , respectively and the Kerr coefficient and free-carrier-induced refractive index change 0.32x10 −13 cm 2 /W, and −5.5x10 −21 cm 3 , respectively. The effects of the proton bombardment on the linear loss and the carrier lifetime of the devices were also studied. Carrier lifetime reduction from 330ps to 33ps with a linear loss of only 14.8dB/cm was achieved using a proton bombardment level of 10 15 /cm 2 . 
Introduction
Silicon-based optical devices have received a great deal of attention for potential application to high speed signal processing and on-chip communications [1] [2] [3] [4] [5] [6] [7] . Nonlinear optical properties of silicon were originally studied by Soref et al. [8] , and have been subsequently characterized with various different techniques that have resulted in a large range of published data [9] . For this paper, we utilized the heterodyne femtosecond pump-probe technique to study the nonlinear index and absorption properties of silicon with high sensitivity and dynamic range and to investigate the ultrafast components and related longer recovery processes at the same time. Essential to the accuracy of these studies was careful characterization of the linear coupling and propagation losses.
Nonlinear optical properties of silicon have been utilized in the design of modulators, receivers, and filters in optical communication demonstrations with bit rates on the order of 1Tbits/sec [3] and real-time A-to-D converters with sampling rates of several tens of Gbits/sec [10] . A major advantage of silicon photonic devices is that they can be produced efficiently by taking advantage of the mature silicon processing technology that has been extensively developed to permit low-cost, large-volume electronic circuit production. This makes possible optical devices compatible with the CMOS technology for on-chip integration. The high bandwidths, high speeds and energy efficiency of optical communication circuits allow for on-board communication with performance greatly surpassing the electronic alternative [11, 12] .
The small feature sizes that can be achieved in silicon fabrication allow for a miniaturization of devices that makes them suitable for on-chip integration. To realize onboard all-optical processing, it is necessary to design and implement both passive and active optical components based on silicon technology. Some of the inherent properties of silicon that facilitate the design and implementation of such components are nonlinear optical properties of silicon that can be utilized in the design of optical switches [13] [14] [15] and wavelength converters [16, 17] , and play an important part in the performance of analog-todigital converters [18] [19] [20] [21] [22] . As this technology is based on silicon-on-insulator (SOI) structures, a very high-index contrast (HIC) can be achieved between Si (n = 3.45) on SiO 2 (n = 1.45). This high index contrast makes possible highly-confined optical modes in the 1.5µm wavelength range and allows for on-chip features such as small-radius ring resonators, and tight, low-loss bends that are not easily achieved using other technologies [23] . Efficient, lowloss transmission of optical modes in waveguides with submicron features makes these devices suitable for the integration of optics and electronics on the same chip [23] [24] [25] [26] [27] [28] .
One of the main advantages of silicon photonic devices is their transparency in the 1.5µm telecom wavelength range in which the photon energy (0.8eV) is below the bandgap of silicon (1.12eV). For increasingly higher bit-rate optical signals, shorter pulses need to be transmitted in silicon waveguides while keeping the per-pulse energy of the optical signals constant. This leads to pulses with high peak powers which combined with the small feature sizes of devices can lead to intensities in the order of MW/cm 2 . At such intensities, the nonlinear optical properties of silicon begin to impose limitations on the maximum data rate that can be carried by such devices. Therefore, they need to be accurately characterized.
To study the nonlinear optical properties of silicon, we can examine both the real and imaginary parts of the refractive index. The real and imaginary parts of the complex refractive index describe the processes contributing to the optical phase shift and loss of an optical signal propagating along the length of a waveguide, respectively. The imaginary part of the complex refractive-index demonstrates the loss mechanisms and is given by [29, 30] ( ) ( ) ,
where α lin is the linear propagation loss, β is the two photon absorption coefficient, σf α (N) is the loss incurred due to the interaction of the optical field with the TPA-generated freecarriers of density, N, and I is the intensity of the optical field. Linear loss, α lin is due to impurities of the constituent elements, and the surface roughness of the waveguides due to fabrication. The linear loss is independent of the optical power inside the waveguide and is relatively constant over the length of the device so that total loss scales linearly with the length. Nonlinear optical losses are caused by two processes, two-photon absorption (TPA) and TPA-induced free-carrier absorption (FCA). The indirect bandgap of silicon is 1.12eV, and two photons at 1500nm with energy of approximately 0.8eV in combination with a phonon can excite an electron from the valence band to the conduction band, a process called twophoton absorption. The free-carriers that are excited to the conduction band can further absorb photons and be excited to higher energy states. This absorption process is named free-carrier absorption (FCA) and its magnitude is proportional to the density of free-carriers. TPA loss is an instantaneous process and is proportional to the optical intensity. FCA loss is caused by TPA-induced carriers, and its magnitude is proportional to the square of intensity integrated over time, and can persist with the lifetime of the induced free carriers.
The real part of the refractive index determines the amount of phase shift that an optical pulse incurs as it propagates through a silicon layer. This phase shift is exploited in the design of optical switches [14, 15] , Mach-Zehnder interferometers [31, 32] , super-continuum generation [33] , and all-optical wavelength converters [10] . The real part of the complex refractive-index is given by [29, 30] :
where n 0 is the refractive index of the waveguide, n 2 is the Kerr coefficient, ξf φ (N) is the induced phase due to the interaction of the optical field with the TPA-generated free carriers of density N, and I is the intensity of the optical field. Measurement techniques employed to characterize the magnitude of the TPA coefficient have previously consisted of Z-scan technique, picosecond pump-probe, and fitting a model to the transmission response. Reported values vary between 0.44 to 0.9 cm/GW in the 1400-1600nm wavelength range [9] . Similarly, the optical Kerr coefficient has been characterized using Z-scan, self-phase modulation (SPM), and four-wave mixing (FWM) techniques in silicon waveguides. The extracted values of the Kerr coefficient range from 2.8x10 −14 cm 2 /W to 14.5x10 −14 cm 2 /W [9] . One of the factors contributing to the large variation in these numbers may be the accuracy of determining the optical power in a silicon device.
In this paper, we implement the linear cut-back technique combined with the nonlinear transfer function of a device to determine the input and output coupling losses as well as the linear internal loss, and thereby determining accurately the internal optical power. In addition, direct measurement of the nonlinear optical parameters in Eq. (1) and Eq. (2) reduces the uncertainty. For this reason, a heterodyne pump-probe experiment is utilized to simultaneously provide both magnitude and phase information [34] . In addition, the heterodyne pump-probe technique has the dynamic range and sensitivity to extract both the instantaneous responses and the longer lived FCA effects as a function of the carrier density.
TPA-induced free carrier effects are affected by the free-carrier lifetime in silicon which, depending on the quality of the crystal, can be in the order of a few nanoseconds to several microseconds. The structure determines the diffusion time of the carriers toward the surfaces, where recombination usually occurs with high rate, and influences the overlap of the carrier distribution with the optical mode. In high repetition rate applications, if the recovery time of the device is longer than the repetition rate of the pulses, the TPA-induced carriers accumulate in the conduction band over many pulses, resulting in increasingly larger loss and optical phase shift that may become data pattern dependent. Therefore, in such applications, it is desirable to engineer devices with a carrier lifetime at least as short as the repetition period. This can be achieved by reverse-biasing a p-i-n structure across a silicon waveguide [35] , using porous [36] or poly silicon [37] , or by ion-implantation [38] [39] [40] .
The reduction of carrier lifetime by reverse-biasing the waveguide structure adds complexity to the system and its effectiveness may decrease at high optical intensities [41] . Porous and poly silicon are other options but engineering carrier lifetimes using this method is a complex task. Another method is to introduce defects in the waveguide structures by ionimplantation of different types of ions such as hydrogen, helium, oxygen, or even silicon itself. The operation of this method is based on the principle that a charged particle traveling through matter, releases some of its energy along its path and just before it comes to a stop, it releases most of its energy and creates the most defects. The defects introduced by this process result in the creation of midgap states in the material band structure. These midgap states facilitate the non-radiative recombination of the electrons from the conduction band with holes in the valence band. Therefore, the carrier lifetime can be reduced as a function of the ion-bombardment dose. However, the introduction of these defects in the crystal structure can also result in higher propagation loss along the device. So, a trade-off must be made between the linear loss and the carrier-lifetime as will be demonstrated from the result of this study.
The organization of the paper is as follows. Section 2 consists of a brief description of the devices fabricated for this study. In Section 3, we present a model of pulse-propagation in nonlinear media. This model is utilized to predict the response of silicon waveguides as a function of the input power using the extracted parameters. Section 4 consists of the description of the heterodyne experimental setup utilized in this study. In Section 5, we present the experimental results. We address and propose solutions to several challenges in characterization of nonlinear optical processes in silicon nanowaveguides and present the results of a method to determine input and output coupling losses separately. We utilize the heterodyne pump-probe technique for the direct measurements of all of the nonlinear optical parameters with high sensitivity. In Section 5 also, we further present the results of the effects of proton-bombardment of the silicon nanowaveguides on the carrier recovery time and linear loss.
Silicon nanowaveguides
The silicon waveguides studied in the experiments were fabricated using scanning electronbeam lithography (SEBL) as described in [28] . A photograph of one of the chips consisting of several different designs including filters and straight waveguides is shown in Fig. 1(a) . Each waveguide structure had multiple bends with straight sections between the bends as illustrated in Fig. 1(b) . Different waveguide structures had identical bend sections and straight sections with incremental lengths to enable propagation loss measurements with the cut-off method. These waveguides were fabricated on a silicon substrate consisting of a SiO 2 undercladding and hydrogen silsesquioxane (HSQ) overcladding layers. The waveguides were formed in silicon (n = 3.45), with a height of 106nm and a width of 475nm on a 3µm thick undercladding of SiO 2 (n = 1.45). The structures were overcladded with 1µm of HSQ (n = 1.38) on top of which a 100nm thick layer of SiO 2 was sputtered for protection. The crosssection of the waveguide and the profile of its fundamental TE mode at 1500nm are shown in 
Pulse propagation model
The nonlinear parameter measurements reported in this work were performed using short optical pulses. This section presents a model of short pulse propagation inside a silicon waveguide, which is used to extract the nonlinear parameters from the measurement results. The propagation loss in an optical waveguide is a function of the linear loss, TPA, and FCA. The differential equation describing instantaneous power of an optical pulse as it propagates along the length of a device with linear and nonlinear losses is given by:
NL lin dP z t P z t dz
where P(z,t) is the instantaneous pulse power in the waveguide, and the losses are divided into linear, α lin and nonlinear α NL components. In this equation, the dispersion broadening can be neglected since the result of cross-correlation of the output pulses show negligible pulsebroadening over a wide range of powers. In addition, the fact that this analysis provides excellent fits to the experimental results as will be demonstrated in Section 5, further supports this assumption. For pulses much shorter than the carrier recovery time, the carrier recombination can be neglected and the nonlinear loss can be modeled by
where β is the TPA coefficient, σ is the FCA effective cross section, ħω is the energy of a photon, and I(z,t) is the instantaneous intensity of the pulse. The first term in this equation describes the instantaneous loss introduced by TPA which is proportional to the optical intensity. The second term describes absorption due to free-carriers, which accumulates in proportion to the square of the optical intensity and recovers with free carrier lifetime. The optical mode is highly confined within the waveguide and has a non-negligible longitudinal field component. Since the TPA process is isotropic and depends on the magnitude of the electric fields, to accurately model the TPA loss, the transversal and longitudinal components of the electric field must be accounted for in detail. This is done via a calculation of the effective area as described in [42] . To solve the differential Eq. (3) using a plane-wave approximation for highly confined optical modes, the intensity of the optical signal inside the waveguide must be defined as the ratio of the optical power to an effective area which accounts for the optical mode profile and its interaction with the nonlinear media.
By introducing effective areas, separately for the TPA and FCA processes, Eq. (3) can be written as:
where A TPA and A FCA , are defined as the effective areas of the TPA and FCA, respectively. These effective areas are defined so that the intensities
,
, ,
may be defined in terms of a plane-wave mode with the optical power P(z,t) propagating in the optical waveguide. By calculating the overlap of the loss profile as defined by the electric field distribution inside the silicon core with the mode profile, the effective areas are determined. In case of TPA effective area, a rigorous expression was rigorously derived in [42] . However, in case of FCA, a vectorial mode-solver [43] was utilized to find the mode propagation loss numerically given the distribution of loss due to the free carriers across the core. The calculated mode loss was then compared to the plane-wave solution to find the equivalent A FCA . The effective areas, A TPA and A FCA for the silicon waveguides shown in Fig. 1 were determined to be 0.097µm 2 and 0.075µm 2 , respectively.
Experimental setup
The schematic diagram of the heterodyne pump-probe experimental setup of this study is shown in Fig. 2 . The optical source in this experiment consists of a two stage optical parametric oscillator generating 180fs pulses at a repetition rate of 80 MHz and a center wavelength of 1.5µm. The input pulses entering the experimental setup are split into two paths. The splitting ratio is determined using a half-wave plate and a polarizing beamsplitter (PBS). The lower power beam passes through an acousto-optic modulator (AOM) to produce an RF frequency shift of 35MHz. The resulting pulses are used in this experiment as the probe beam. The higher power beam passes through another variable power splitter, where the higher power beam becomes the pump beam and the lower power signal becomes the reference beam. The pump beam is further passed through a variable attenuator and a variable delay stage. The pump and the probe are then combined on a 50:50 splitter with the same polarization. The delay stage in the pump path varies the temporal spacing between the pump and the probe beams. The combination of the pump and the probe pulses is coupled into a short piece of fiber attached to a 10:90 coupler. The 10% port of the fiber coupler is connected to a power meter to monitor the input optical power. Spliced to the 90% port is a lens-tip fiber. This lens-tip fiber is used to couple the combined pump and probe beams into the waveguide. To optimize the coupling between the fiber and the waveguide, a lens-tip fiber with 1.7µm focal-point beam-diameter was utilized. After traversing the length of the waveguide, pump and probe beams are collected using another 1.7µm lens-tip fiber at the output port. The collected beams are then combined with the reference beam using a fiber-based 50:50 coupler.
The reference beam, prior to being combined with the pump and probe beams is first passed through a separate AOM that shifts its frequency by 36.7MHz. The reference pulses must overlap the probe pulses and arrive at the photodetector at the same time with the same polarization. Therefore, a fixed delay is built into the reference path to ensure this temporal overlap, and a combination of a quarter-wave and a half-wave plate is placed in the reference path for polarization adjustment. The frequency-shifted reference beam thus provides the heterodyne detection of the probe beam that permits independent measurement of both amplitude and phase changes [34] . As in any pump-probe experiment, the pump beam is chopped at 1.3 KHz to obtain background-free measurements via phase-lock detection.. The interaction of the pump pulses with the waveguide material induces changes in the magnitude and phase of the transmitted probe pulses. The magnitude of the variation is a function of the pump power and the delay between the pump and the probe pulses. The amplitude and phase variation in the probe pulses is translated to phase and amplitude modulation of the heterodyne detection signal.
The AM modulation depth is a function of the absorption induced by the pump, and the FM modulation depth is proportional to the index change induced. The signal is demodulated using an ICOM-IC-R71A Ham radio. The magnitude of the audio output of the radio, in AM or FM mode, is detected using the lock-in amplifier. In the AM mode, the two-photon absorption coefficient and free-carrier induced absorption can be determined, while in the FM mode the Kerr nonlinearity and the free-carrier induced index of refraction change can be characterized.
One of the advantages of utilizing a Ham radio for detection of the AM and FM modulated beat-frequency signal is the narrow-bandwidth of its input filter, resulting in lownoise signal detection. Alternatively, a spectrum analyzer can be used for amplitude detection; however, the filters in a high frequency Ham radio are as narrow as those of the spectrum analyzer, and the radio has the additional capability to detect FM signals. Most importantly, the carrier-phase-lock FM detection by the radio makes phase stabilization of the probe and reference paths unnecessary.
Results and discussion
To characterize the ultrafast nonlinear processes in the silicon nanowaveguides, silicon waveguides of different lengths are studied and the results of this study are presented in this section. First, a technique to characterize both the linear loss and optical coupling losses at the input and output ports is discussed. Second, the results of the heterodyne pump-probe experiments characterizing the nonlinear optical losses are presented. Finally, the study of the effects of the proton bombardment on the carrier recovery times and linear optical losses are presented.
Characterization of linear and coupling losses
To study the nonlinear optical effects in the silicon waveguides, we need to accurately determine the optical power inside the waveguides. Three linear loss mechanisms consisting of linear propagation loss, input coupling loss, and output coupling loss need to be fully characterized. Optical coupling at the input and output ports is achieved using lens-tip fibers. These lensed fibers focus the beam to a 1.7(−0/+0.3)µm beam diameter at their focal planes. The optical coupling loss is dependent on several mechanisms such as the Fresnel reflection at the boundary of air and silicon, mode mismatch between the lens-tip fiber and the waveguide, and the quality of cleaved facets. Due to the variation in the beam waist diameter and variations at the input and output interfaces of the chip, the input and output coupling losses are not necessarily equal; therefore, they need to be accurately characterized individually. For this purpose, we utilize two measurements, the 'cut-back' technique and the nonlinear loss measurement. Figure 3 demonstrates the various optical loss mechanisms in one of the silicon waveguides.
The total loss can be expressed as:
where P in and P out are the power coupled into the input and output lens-tip fibers, respectively, P iw and P ow are the powers inside the waveguide at the input and output facets, and C in and C out are the coupling losses in dB, α lin is the linear loss in dB/cm, α(Ι) is the nonlinear loss in dB/cm that varies with intensity of the optical signal inside the waveguide. In Fig. 3 , the "input" port is defined to be the port where the pump and probe pulses are coupled into the device, while the "output" port is that end of the device from which the light is collected and directed to the detector. Fig. 3 . The notation used for studying waveguide losses, which include input, output, and linear losses. The "input" port is defined to be the port that the pump and probe pulses are coupled into the device. The "output" port is defined to be the port that the light is collected from the device and directed to the photodetector.
Using the cut-back technique, we separate the linear propagation loss from the sum of the input and output coupling losses. This was achieved by coupling light into waveguides of different lengths, measuring the output power as a function of the input power for each case, and plotting the total loss as a function of the device length as shown in Fig. 4 . For intensity levels such that the nonlinear effects become negligible (i.e. α(I)~0), Eq. (8) describes a line with slope α lin , and y-intercept point of C total =C in +C out . Linear loss measurements on five waveguides with differential length of 6.1mm between any two adjacent waveguides were conducted. The differential lengths of the waveguide sections were measured using an interferometric technique where the heterodyne pump-probe setup of Fig. 2 was utilized. In this technique, the pump pulse was blocked, while the probe pulse was coupled into waveguides of different length. To obtain an overlap between the probe and reference pulses, the reference arm path length had to be adjusted. The change in the reference path length was then converted to the path length difference between two adjacent waveguides. Using this data, the total coupling loss of 20.8dB and linear loss of 6.5dB/cm were measured. The intensity-dependent loss as indicated in Eq. (8) results in a deviation of the total propagation loss from the linear case. As the nonlinear term is a function of the intensity of the optical signal coupled into the waveguide, variation in the total loss measured for light coupled in the "forward" and "reverse" directions will indicate the difference between the input and output coupling losses C in and C out . Therefore, the device was tested in both "forward" and "reverse" directions as demonstrated in Fig. 3 . The output power collected by the lens-tip fiber as a function of the power put into the input lens-tip fiber was obtained and the results are shown in Fig. 5(a) . The black and red curves are obtained in the "forward" and "reverse" directions, respectively. The straight line in this plot corresponds to the linear response, hence any variation from this line is deemed to be the nonlinear loss and is a function of the light intensity inside the waveguide. Higher coupling losses result in lower power inside the waveguide, hence smaller nonlinear optical effects and a roll-off at higher input powers. Any two points on the forward and reverse curves that deviate from the linear response by the same amount correspond to having the same powers inside the waveguide. Therefore, the difference between the forward and backward input powers corresponding to any two such points is equal to the difference between the coupled powers. This is graphically shown in Fig. 5(a) where the two vertical arrows indicate a pair of points with identical nonlinear losses in the forward and reverse directions, and the horizontal arrow indicates the difference between the input powers in the forward and reverse directions indicating the difference between the two coupling losses. The deviation of the output power response from the linear response at the input and output ports is calculated and shown in Fig. 5(b) . The difference between the input powers corresponding to the same nonlinear loss is plotted in the inset of Fig. 5(b) , and as shown, it is 5.6dB.
The sum and the difference of the input and output coupling losses were determined to be 20.8dB and 5.6dB, respectively. These two sets of data lead to each input and output coupling losses C in = 13.2dB and C out = 7.6dB. The large difference between the input and output coupling losses emphasizes the importance of a careful characterization. This difference is due to fabrication tolerances, both for the curvature of the lensed-tip fiber, as well as the uniformity of the cleave quality of the silicon chip facets. 
TPA and FCA magnitudes
The heterodyne pump-probe method, as described in Section 4 was used to study both the instantaneous and longer-lived nonlinearities enabling high sensitivity and simultaneous characterization of both amplitude and phase response of a device. Figure 6 (a) shows the normalized measured change in the probe signal amplitude as a function of the delay of the probe with respect to the pump. Figure 6(b) shows the amplitudes of the instantaneous and slow-recovery loss as a function of the input pulse energy. The ultrafast carrier dynamics in the silicon devices as demonstrated in this figure consist of two distinct processes, an instantaneous component at time delay (τ 1 = 0), followed by a slow recovery time of several hundreds of picoseconds. The amplitude of the instantaneous component is proportional to the intensity of the light inside the waveguide and is caused by two-photon absorption, while the magnitude of the longer-lived response is due to absorption of the probe pulse by the free carriers generated in the TPA process. The FCA loss was derived from the pump-probe measurement at 5ps time delay, and the TPA loss was then determined by fitting the τ=0 response including the initial fast rise of FCA consistent with Eq. (13). The measured amplitudes of the instantaneous TPA-induced loss and long-lived FCA loss are shown in Fig. 6(b) . The TPA loss is shown in blue and consists of a linear section at lower pulse energy levels, while at higher input energy levels the magnitude of this loss saturates as the pump pulse begins to experience loss through its own TPA. The linear section of the curve is dominated by the TPA effect which is proportional to the intensity and the TPA coefficient (β). The instantaneous response due to TPA at low input pulse energy levels can be described by the following equation 
where the new variable L eff , the effective length of the device, is a function of physical length L, and the linear loss α lin , and I p is the pump intensity defined as the ratio of the pump power to the TPA effective area. For long waveguides, the effective length reduces to 1/ α lin . The silicon waveguides in this study had a dimension of 106nm × 475nm and length equal to 14.9mm. A TPA,eff was calculated via an overlap integral of E-field and the nonlinear medium [42] , to be 0.098µm 2 and L eff was found to be 6mm. From the slope of the TPA loss as shown in Fig. 6(b) , we extract the TPA coefficient to be 0.68 cm/GW. This compares with the mid range of values previously published [9] .
Each pair of photons absorbed as a result of the TPA process, generates an electron-hole pair. Both the electrons in the conduction band and the holes in the valence band in turn absorb photons and result in further optical loss. The total absorption due to FCA in a waveguide of length L is a function of the number of free-carrier pairs and is described by:
where α T,FCA is the total loss due to free-carrier absorption, N is the density of carrier pairs per cm 3 , and N total is the total number of carrier pairs generated. The intensity in this case is calculated by taking into account two effective areas, as in Eq. (5).
.
The total FCA loss is proportional to the total number of carriers generated which is in turn a function of the square of the optical intensity. To calculate the FCA effective crosssection, first, we need to calculate the number of carriers in the waveguide as a function of the input pulse energy. Referring back to Eq. (11), we can see that in the absence of any nonlinearity, the optical output power of the device is a linear function of the input power. Therefore, any deviation from a linear response is due to the TPA and FCA processes. To calculate the number of TPA-induced free-carriers, the output pulse energy of the device as a function of the input pulse energy is measured. The direct input versus output energy measurement was performed by direct detection of the output power using a power meter, and by chopping the input signal and detecting the modulated output signal at the chopped frequency using a lock-in amplifier. The result is shown in Fig. 7 .
The densities of the electrons and holes generated by TPA are equal. Thus, in the range that FCA is negligible, 
where ∆E is the deviation of the output energy due to nonlinearity as demonstrated in Fig. 7 , ω ℏ is the energy of the photons, α lin is the linear loss, and L is the physical length of the device. The result of the calculation using Eq. (15) is shown in Fig. 9 with (+) markers, which demonstrates a quadratic dependence on the input pulse energy. The carriers generated by this process diffuse at the rate of 36cm 2 /sec [44] and redistribute evenly across the waveguide cross within a few picoseconds. Therefore, an effective area for the overlap of the E-field of the propagating mode with this rectangular cross section is calculated and is equal to 0.075µm 2 . In the regime that linear loss still dominates over nonlinear loss, these carriers are distributed along the length of the device over the FCA effective length, L FCA,eff given by:
where the factor of two in the denominator is due to the dependence of free-carrier density on the square of the optical intensity. The total FCA loss is determined from the heterodyne pump-probe experimental results by measuring the transmission loss at time delays larger than 5ps, which is approximately how long it takes for the carriers to diffuse to a uniform transverse distribution. The magnitude of this loss as a function of the input pulse energy is calculated from the pump-probe traces of Fig. 6(a) , and shown in Fig. 6(b) . The fit to the measured data is accomplished using the carrier density calculated using Eq. (13) and Eq. (15) with the FCA effective cross section σ = 1.9x10 −17 cm 2 . The summary of the extracted parameters described in this section is given in Table 1 . 
Comparison of simulation and experimental results
To further verify the linear and nonlinear parameters extracted thus far, the differential equation describing the pulse evolution along the length of the device, as given by Eq. (5) was solved numerically using the parameters given in Table 1 . The output pulse energy of the device as a function of the input pulse energy was predicted and compared to the direct input vs output energy measurement described in the previous section. The result is shown in Fig. 8 . The solid line is the simulation result while the measured data are shown with (+) markers. The results show an excellent agreement between the model and the measured data. Using this simulation technique, we can also calculate the carrier density inside the waveguide as a function of the length of the device. This calculation can be performed by keeping track of the amount of light absorbed by the TPA process resulting in:
The total number of carriers as a function of the input optical energy calculated with this approach is shown in Fig. 9 , and is compared to that obtained from the fit to output response of the device shown in Fig. 7 . It is evident from Fig. 9 that the simulated total number of carriers agrees very closely with the measured results indicating the validity of the models used to describe nonlinear pulse propagation. Fig. 9 . Total number of TPA-generated carriers in the waveguide as a function of the input pulse energy. (+) data is calculated based on direct measurement of the output pulse energy vs input pulse energy. The solid black line is the result obtained from numerically simulating the pulse propagation along the device.
Optical Kerr effect and free-carrier index changes
Figure 10(a) shows the normalized heterodyne pump-probe traces using FM detection. In this figure, the horizontal axis indicates the delay between the pump and probe pulses, and the vertical axis is the measured phase change incurred by the probe signal. As demonstrated in this figure, the pump-probe response consists of an instantaneous response at time delay of zero which is linearly dependent on the pulse intensity. The instantaneous response is attributed to the phase response incurred by the probe due to Kerr nonlinearity. This instantaneous component is followed by a slow recovery response of several hundreds of picoseconds. The change in sign is due to the opposite signs in the induced refractive index changes for Kerr nonlinearity and for TPA-induced free carriers. The magnitude of the phase change is a function of the number of generated free-carriers, hence proportional to the pump power squared. To detect this optical phase change, the FM modulation using the Ham radio as described in Section 4 is used. A major advantage of the FM radio is that it automatically tracks and locks onto the RF carrier and thus, circumvents the need to interferometrically stabilize the optical phase between probe and reference. In the same manner used to separate the nonlinear loss components, the free-carrier index changes were determined from the pump-probe traces at 5ps time delay and the instantaneous Kerr coefficient was obtained from the fit at τ = 0 that also took into account the fast rise of the free-carriers. From these measurements, we can determine both the Kerr nonlinearity and refractive index change as a function of carrier density for these high index-contrast silicon waveguides. As with the TPA characterization of the previous section, the magnitude of the induced phase change at zero time delay (τ 1 = 0) can be related to optical energy inside the waveguide. These results are shown in Fig. 10(b) . The measurement consists of a linear region at pulse energies of up to 20pJ beyond which the maximum phase change starts to deviate from the linear line due to the pump depletion. The Kerr coefficient can be determined from:
where ∆n is the change in the refractive index due to the Kerr effect, λ is the wavelength of the optical signal, L eff is the effective length of the device as defined in pervious section, ∆φ is the induced phase change, I is the intensity of the optical signal inside the waveguide, and n 2 is the Kerr coefficient. The effective length and effective area for Kerr nonlinearity are defined as for the TPA measurement. From the slope of the linear portion of the optical Kerr nonlinearity plot shown in Fig. 10(b) , we extracted the Kerr coefficient to be n 2 = 3.2×10 −14 cm 2 /W. This value is in close agreement with the previously published data using z-scan technique as tabulated in [9] .
In addition to the instantaneous response, we can observe an induced phase change after a 5ps delay which has a long recovery time. This induced phase change, similar to the induced FCA loss, is a function of the number of free carriers generated by the TPA process. Therefore, we can take advantage of the earlier calculations of the number of carriers to determine the index of refraction change as a function of the carrier density.
As discussed, the free-carriers are distributed uniformly over the cross-section of the waveguide and can be treated as uniform over the effective length, L FCA,eff as well. Using the total number of carriers, we define the refractive index change as a function of carrier density as:
where ∆n FCA is the total change in the refractive index due to free-carriers, ξ is a proportionality constant, N total is the total number of carrier pairs generated over the waveguide length [30] . The fit as shown in Fig. 10(b) was achieved using ξ = −5.5 × 10 −21 cm 3 . The results obtained in this section are summarized in Table 2 . 
Carrier recovery time and proton bombardment
In addition to the optical nonlinear processes discussed up to this point, the carrier recovery time in the silicon waveguides will dictate their usefulness in high speed optical systems. It has been shown that active carrier sweep-out with p-i-n structures can yield a shorter lifetime results than proton bombardment technique, but at the expense of the energy needed to extract the carriers [35] . Therefore, in this section, a study of the effects of ion implantation on the carrier recovery time and linear loss of the silicon samples is presented. Proton bombardment of samples results in creation of defects in the crystal structure [45, 46] . These defects create midgap states which speed up the recovery time of the device. It has been shown that while higher doses of ion implants result in greater reduction of the carrier recovery time, these defects result in higher scattering and absorption through the device. For the purpose of this study, several silicon waveguide chips were ion implanted at dosages varying from 10 12 to 10 15 /cm 2 . It was necessary to determine the energy level of protons that would penetrate different layers of the structure. These layers are illustrated in Fig. 1(c) . In order for the protons to reach the silicon waveguides, they must penetrate through 100nm layer of SiO 2 , 1µm of HSQ, and get implanted in the 100nm-thick silicon waveguide. To determine the proper energy levels, the SRIM program was utilized (www.srim.org). Based on Monte-Carlo analysis, the SRIM program simulates the penetration depth of protons of different energy accounting for scattering, energy loss, and non-uniformity of proton energy levels. Each device was proton-bombarded using a combination of three different proton energies of 80, 90, and 100KeV to account for variations in the density of HSQ layer, which is highly dependent on the fabrication process, and to still create the desired distribution of defect states in the silicon waveguides. As shown in Fig. 1(c) , the silicon waveguides start at the depth of 1100nm and extend to 1206nm where the largest number of defect states is created.
After proton-bombardment of the samples, their linear loss and recovery times were measured and plotted in Fig. 11 . A recovery time as short as 33ps for a linear loss of only 14.8dB/cm was obtained at the highest proton-bombardment level of 10 15 /cm 2 . This combination of recovery time reduction and degradation in linear loss seems to be the best thus far reported for the proton bombardment technique [39]. 
Conclusion
In this paper, the ultrafast nonlinear optical properties of high-index contrast silicon waveguides of 106nm×475nm cross-section were studied. Input and output optical coupling was accomplished using lens-tip fibers, and both cut-back to determine propagation loss and forward-backward nonlinear measurements were used to determine individual coupling losses. A measured 5.6 dB difference between the coupling efficiencies at the input and output ports demonstrated the importance of such measurement to determine the internal optical pulse energy accurately. The heterodyne pump-probe technique was utilized to characterize the magnitude of the TPA and FCA losses as well as the Kerr nonlinearity and the refractive index change as a function of the carrier density. The high sensitivity of the heterodyne technique has allowed for this characterization with only relatively small induced carrier densities. The two-photon absorption coefficient and free-carrier absorption effective cross-section were determined to be 0.68cm/GW, and 1.9x10 −17 cm 2 , respectively and the Kerr coefficient and free-carrier-induced refractive index change 0.32x10 −13 cm 2 /W, and −5.5x10 −21 cm 3 , respectively. The parameters extracted were applied to a model predicting the output power response of the waveguides as a function of the input power. This model was utilized to predict the limitations imposed by the nonlinearity on the transmission of pulsewidths of different duration [47] . As the carrier recovery of silicon can be in the order of several hundreds of picoseconds to nanoseconds, the devices were proton bombarded with different doses to determine the relationship between reduced lifetime and induced additional loss. Carrier lifetime of 33ps with proton bombardment level of 10 15 /cm 2 with an increase of linear loss to 14.8dB/cm was achieved.
